There is a need to better understand meningioma oncogenesis for biomarker discovery and development of targeted therapies. Histological or genetic criteria do not accurately predict aggressiveness. Post-translational studies in meningioma progression are lacking. In the present work, we introduce a combination of mass spectrometry-based phosphoproteomics and peptide array kinomics to profile atypical and anaplastic (high-grade) meningiomas. In the discovery set of fresh-frozen tissue specimens (14), the A-kinase anchor protein 12 (AKAP12) protein was found downregulated across the grades. AKAP12 knockdown in benign meningioma cells SF4433 increases proliferation, cell cycle, migration, invasion, and confers an anaplastic profile. Differentially regulated pathways were characteristic of high-grade meningiomas. Low AKAP12 expression in a larger cohort of patients (75) characterized tumor invasiveness, recurrence, and progression, indicating its potential as a prognostic biomarker. These results demonstrate AKAP12 as a central regulator of meningioma aggressiveness with a possible role in progression.
Meningiomas account for 30% of reported brain tumors 1 . The World Health Organization (WHO) histologically classifies tumors into three grades: benign (I), atypical (II) and anaplastic (III) 2 . Although most meningiomas are benign, 15-35% represents atypical or anaplastic forms 3 . High-grade meningiomas (II and III) do not respond well to surgery and lead to decreased survival. Radiation is used as adjuvant to treat progressive tumors since there are no efficient chemotherapies for the management of high-grade tumors that fail treatments. Understanding pathways of oncogenesis that drive high-grade meningiomas is important to improve current diagnosis and treatment. Genetic abnormalities have fallen short as predictive biomarkers. Monosomy 22 or alterations in NF2 are present in more than half of meningiomas 4, 5 . Although genomic alterations increase with grade, they do not predict outcomes, stage or history. Over 40% of atypical meningiomas will reoccur after gross resection. Biomarkers for identification of these histologically identical WHO II tumors do not exist. Anaplastic meningiomas lead to fatal outcomes despite surgery, radiation, and experimental medications. Recent genomic discoveries 6, 7 have not led to improvement in therapies. The mechanism behind malignancy and tumor genesis is unknown, limiting development of alternative therapies.
The functional regulation of cells is a complex and dynamic process. Genetic alterations can drive the activity state of pathogenesis, but the interaction between the transcriptome and the proteome can interact in a feedback or feed forward fashion. Phosphoproteomic techniques have been widely employed to identify kinase activity, which may lend itself to pharmaceutical blockade. There have been few proteomic investigations focused on high-grade meningiomas, most of them gel-based approaches [8] [9] [10] [11] which have limitations in resolution, 12 , poor representation of minimally expressed proteins, difficulty with highly acidic/basic proteins, and those with extreme size or hydrophobicity 13 . The majority of these studies have been limited to protein expression [8] [9] [10] [11] 14, 15 overlooking post-translational modifications, with no cell-based functional characterization [8] [9] [10] [11] 14, 15 ,which relate to function and malignancy of the disease. To map the mechanisms of aggressiveness we aimed to investigate changes in protein phosphorylation across WHO grades of human meningiomas. We utilized two high-throughput techniques: the unbiased iTRAQ LC MS/ MS and the biased Pamchip ® peptide array. This strategy was used to better understand the underlying mechanisms of meningioma malignancy, aid in the development of novel therapies and markers of poor prognosis. Here we report the kinomic and phosphoproteomic signatures of high-grade meningiomas, the biomarker potential and regulatory role of AKAP12 in meningioma malignancy.
Results

Sequencing for SMO, KLF4, TRAF7, NF2, and AKT E17K by Molecular Inversion Probes (MIP).
We performed targeted sequencing of SMO, KLF4, TRAF7, NF2, along with the screening of AKT1 E17K in a set of 320 individual tumors. The screening was also performed in a discovery set of fourteen well-characterized individual human meningioma tissue samples (I:5, II:5, III:4) (Supplementary Table S1 ), and four benign human meningioma cell lines (HBL-52, Ben-Men-1, SF4433, and SF4068), one atypical (SF6717), two anaplastics (SF3061 and KT21-MG1), and unknown WHO grade, CH157-MN. We did not find correlations between genotype and grade or long-term outcomes in the cohort of 320 samples (unpublished observations), discovery set (14 samples) or cell lines (Supplementary Table S2 ).
iTRAQ profiling of high-grade meningiomas reveals specific phosphoproteomes and kinase activity. iTRAQ LC MS/MS was performed on the fourteen meningioma fresh-frozen tissue specimens previously genotyped. The iTRAQ LC MS/MS workflow is shown (Fig. 1a) . A total of 649 unique phosphopeptides from 165 proteins were identified (Supplementary Table S3 ). Forty-two peptides were altered (fold change > 20%) (Fig. 1b) . The Gene Ontology (GO) and Principal Component Analysis (PCA) are shown in Supplementary Figure S1 . According to protein class, 28.6% (n = 12) of phosphopeptides belong to cytoskeleton proteins. Classified by molecular function, these proteins are related to binding and structural activity (45.2%, n = 19; 28.6%, n = 12, respectively). Seventeen (40.5%) phosphoproteins were involved in metabolic processes. The cellular component analysis identified 31.0% (n = 13) of phosphoproteins located in cell parts other than extracellular matrix, extracellular region, macromolecular complex or organelles. Among the 42 differentially regulated phosphopeptides, 36/42 and 32/42 were altered in Grade II and III, respectively. For validation, we studied six proteins with unique patterns. The proteins selected for validation were selected based on their fold changes/patterns, and significant changes on protein level without considering multiple testing, corrections, or biological relevance. This is a commonly employed strategy in discovery proteomics to address proteomics-specific issues like small effects due iTRAQ ratio compression, and few replicates due to reagent high cost, instrument time availability and others 16 . AKAP12 Ser1587 was inversely proportional to tumor grade (0.63 and 0.44 fold, respectively) and showed the greatest significance (p = 0.000039 III:I); NUCKS1 Ser58 was upregulated in II and III (2.2 and 1.7 fold, respectively); PGRMC1 Ser138 was downregulated in both (0.37 versus 0.56 fold, respectively); ADD1 Ser12 was downregulated in grade II and upregulated in III (0.45 and 1.2 respectively); CANX Ser583 is downregulated across the grades (0.67 and 0.70 fold changes in grades II and III compared with grade I, respectively); HSP90AB1 Ser255 was upregulated in grades II and downregulated in III (1.35 and 0.50 fold, respectively); When site specific phospho-antibodies were not available for the selected candidates, we chose to validate how changes in detection of total protein expression correlated with phosphorylation. We studied three individual tissue samples from each of the three pooled samples (grades I, II, III). Except for ADD1 which levels of total protein did not show significance (p > 0.05), we found marked consistency between changes in phosphopeptide abundance and protein level (Fig. 1c, Supplementary Figure S2) , suggesting that the differential detection of phosphopeptides may have been in part due to changes in protein levels across grades. We then determined whether these grade-dependent patterns of expression were recapitulated in meningioma cell lines from different grades. The patterns of expression in cell lines were mostly consistent with those found in patient samples (Fig. 1c, Supplementary Figure S2) , supporting the relevance of the cell lines as models for functional studies.
AKAP12 knockdown leads to migration, invasion, proliferation and cell cycle progression.
Since AKAP12 expression has been found downregulated in other cancers [17] [18] [19] , and a clear correlation was established between AKAP12 expression and grade, we chose to investigate the effects of AKAP12 silencing on a benign phenotype using the SF4433 cell line which presented robust expression of AKAP12 (Fig. 1c, Supplemental Fig.  S2 ). After transfection, GFP + cells with AKAP12 shRNA (sh33-AKAP12), or either shGAPDH (positive control), and non-targeting negative control (sh33NS) were sorted (Fig. 2a) . Compared to controls, protein levels were decreased approximately 85% by AKAP12 silencing (sh33-AKAP12) (p = 0.0004) (Fig. 2b) . The AKAP12 knockdown correlated with enhanced migration (~6-fold; p = 0.0033) and invasion (~3-fold; p = 0.0043) (Fig. 2c,d ). AKAP12 downregulation also increased proliferation by 1.7 fold after 72 hours (p = 0.0276; Fig. 2e ). Consistent with increased cell growth, cell cycle distribution demonstrated low percentages of sh33-AKAP12 cells in G0-G1 and high in S and G2-M (Fig. 2f) . Collectively, these data support a role for AKAP12 in suppressing invasive and proliferative phenotypes associated with meningioma malignancy.
AKAP12 expression inversely correlate with kinase activity. We sought to determine whether the increased malignancy and decreased expression of AKAP12 in high-grade meningiomas and sh33-AKAP12 cells were connected through kinase regulation. We identified no evidence of tyrosine phosphorylation probably because phosphorylation on Ser/Thr is more common [20] [21] [22] . Since phosphorylated Ser/Thr were found abundant, we pursued kinome profiling of pooled I, II and III meningiomas, the sh33-AKAP12 and sh33NS cells using the PamChip ® Ser/Thr kinase (STK) peptide array (Fig. 3a) . Signal intensities of peptides above the limit of detection were clustered and represented as a heat map (Fig. 3b, Supplementary Table S4 ). Kinase activity was detected in 86/100 peptides between the AKAP12 control and knockdown cell line lysates, and 100/100 peptides in WHO II and III pooled extracts. For the fold change analysis, only peptides with p < 0.05 and fold changes > 10% were considered. According to our hypothesis we expected to see distinct patterns in kinase activity between grade I and grades II and III meningiomas. We observed dramatic decrease in all 60 differentially phosphorylated peptides identified in grade III vs I (Supplementary Table S5 ; Fig. 3c ). Conversely, of 34 differentially phosphorylated peptides identified in grade II vs I, 29 were hyperphosphorylated (Supplementary Table S5 ; Fig. 3c ). Like the comparison between grade III and I meningiomas, all but one of the 58 peptides identified in sh33-AKAP12 cells compared to controls was hypophosphorylated. These results indicated that low AKAP12 expression correlate with broadly decreased Ser/Thr kinase activity in Grade III meningiomas and in benign cell line after AKAP12 knockdown. The frequent and discordant increase in kinase activity in atypical meningiomas also suggests that AKAP12 may regulate kinase activity through mechanisms unique to grade III tumors. among phosphorylated peptides in grade III and sh33-AKAP12 cells and suggests that AKAP12 regulated kinase activity may be similar in anaplastic meningioma and sh33-AKAP12 cells. By contrast, the lack of congruence between phosphorylation states (hyper-or hypophosphorylated) of peptides in grade II and sh33-AKAP12 cells suggests that in grade II meningiomas AKAP12 is influencing shared pathways through upregulating rather than inhibiting kinase activity.
AKAP12 regulates AGC, MGC, and STE kinase groups in high-grade meningioma. To predict potential kinases involved in the AKAP12 differential phosphorylation, computational analysis was performed using the kinomic data from AKAP12 and meningioma samples. After clustering kinases by groups, we found that AKAP12 knockdown resulted in regulation of four major groups: AGC (39.9%) CAMK (16.8%), STE (16.8%), and CMGC (11.6%) which are the most affected groups in high-grade meningiomas (grade II: AGC 70.8%, CMGC 28.8%, CAMK 23.44%, and STE 20.3%; grade III: CMGC 73.6%, AGC 32.1%, and CAMK 25.0%) (Fig. 4b) , strengthen the involvement of the AKAP12 in meningioma malignancy. Fig. 5a; Supplementary Table S6 ). In anaplastic tumors, prostate cancer, PKA, and AMPK cascades were among the ranked cascades (Fig. 5b, Supplementary Table S7 ). cAMP/PKA, ERK-MAPK, PI3K-AKT and CDC42-RAC1-RHOA are nodes of most of these pathways. The AKAP12 core analysis is shown in the Supplementary Table S8 . The highest number of molecules in this data was part of the PKA cascade, followed by mechanisms of cancer, AMPK, GPCR, Insulin, MEK-ERK, and Synaptic Long Term Potentiation (SLTP) (Supplementary Figure S3A) . AKAP12 knockdown demonstrated downregulation of molecules involved in the PKA cascade (Supplementary Figure S3B) . The PKA pathway was also downregulated in grade II and III datasets (Supplementary Figure S3C and D, respectively) . Downregulation of AKT signaling was seen across meningioma grades. AKAP12 seems to downregulate the AKT pathway by inactivating PDK1 Ser241, and IKKα Thr23 in meningiomas ( Fig. 5c and Supplementary Figure S4A) . Inactivation of the PKA pathway in aggressive meningiomas is also seen despite possible cAMP activation ( Fig. 5d and Supplementary Figure S4B) and that AKAP12 silencing downregulates PKA signaling in meningioma. AKAP12 knockdown decreases phosphorylation of JNK Thr183/Tyr185 and STAT3 and increases p38 MAPK, ERK1/2 Thr202/Tyr204, and slightly VEGF. Although phospho-ERK1/2 did not show drastic changes among grades, it is still present at high levels in aggressive tissue samples suggesting that downregulation of AKAP12 may maintain phospho-ERK1/2 in these tumors (Fig. 5e,  Supplementary Figure S5A ). AKAP12 knockdown increases the expression of CDC42-RAC1-RHOA and ROCK1. Levels of CDC42-RAC1-RHOA, and ROCK1 seems to be more accentuated in atypicals when compared to anaplastics, nonetheless without statistical significance. (Fig. 5f, Supplementary Figure S5B ).
AKAP12 and pathway inactivation confers anaplastic phosphoproteomic profile. The kinome
of atypical meningiomas reveals 300% increase in the phosphorylation of the RB1_774_786 peptide. The Western Blotting analysis showed downregulation of SMAD2 Ser465/467/SMAD3 Ser423/425 and upregulation of CCND1, CDK4, CDK6, and RB1 Ser780. AKAP12 knockdown augments the expression in all four targets with a RB1 S780 increase of nearly 500%, 5.0 fold (Fig. 5g, Supplementary Figure S6) . The data obtained from the analysis of grade II:I and III:I tumors (combined iTRAQ LC MS/MS and STK peptide array) as well as sh33-AKAP12:sh33NS (STK peptide chip array) was overlaid with PKA (Supplementary Figure 7) and Cell Cycle G1/S Check Point (Supplementary Figure 8) signaling pathways using the IPA software. After AKAP12 silencing, the benign SF4433 cells acquired a similar proteomic profile to anaplastic meningiomas, suggesting that AKAP12 may play a role in meningioma progression.
AKAP12 expression in a larger and independent cohort of patients by TMA. In order to investigate the AKAP12 potential as a predictive prognosis marker, we performed the analysis of the AKAP12 expression by Tissue Microarray (TMA) on 81 clinical specimens (Supplementary Table S9 ). Due to sample limitations, only 75 cores were used for data analysis and interpretation (grade I: 45, grade II: 26, grade III: 4). The AKAP12 expression in different meningioma grades revealed lower AKAP12 expression in high-grade specimens (one-sided Spearman correlation p = 0.032, one-sided rank-regression p = 0.034, Fig. 6a, Supplementary Table S10 ). An accentuated decrease in AKAP12 staining was verified for high-grade tumors with prior radiotherapy (one-sided Spearman correlation p = 0.028, one-sided rank-regression p = 0.014, Fig. 6b, Supplementary Table S10 ). The analysis of ancillary effects, such as array position, did not impact AKAP12 staining (Supplementary Table S11 ). We next correlated relative AKAP12 expression with patient variables (Supplementary Table S11 ). AKAP12 differs significantly between males and females (p = 0.007), with lower levels in tumors from males (Fig. 6c,  Supplementary Table S11 ). Interestingly, while benign meningiomas are known to show nearly a 2:1 female-male predilection, grade II and III meningiomas demonstrate a male predominance. Tumors with invasive potential show lower AKAP12 staining when compared to non-invasive samples (p =< 0.001) (Fig. 6d, Supplementary  Table S11 ). AKAP12 staining was classified as high: >0.10 or low: <0.10 and analyzed according to the percentage of recurrence/progression-free survival within 120 months. Kaplan Meier curve shows that low AKAP12 values correlated with tumor recurrence/progression (p = 0.001) (Fig. 6e) , independent of WHO grade. Low AKAP12 staining was predictive of recurrence, progression and invasion.
Discussion
We focused on the investigation of high-grade meningiomas since these tumors lack efficient therapies for their management. Drugs targeting SMO or AKT1mutations 6, 7 in meningiomas are being studied. The clinical importance of mutations in SMO, KLF4, TRAF7, NF2, and AKT1 E17K 6,7 is unknown. In our meninigioma samples these recurrent variants were not able to predict aggressiveness. Alterations in gene expression, pathways activation, proliferation, cell division or death have been recognized as hallmarks of cancer aggressiveness. We applied high-throughput techniques to profile high-grade meningiomas. AKAP12 in its phosphorylated and unphosphorylated state was decreased in high-grade meningioma tissue and cell lines. We silenced AKAP12 expression in benign meningioma cells, leading to dysregulation of cell cycle, proliferation, migration and invasion. Our results demonstrate that AKAP12 functions as a tumor suppressor in meningioma and regulates cell cycle, influencing cell proliferation, migration and invasion. Since kinase inhibitors have played an important role in cancer treatment, we also explored kinase activity regulated by the AKAP12 in high-grade meningiomas. Simultaneous kinome profiling after AKAP12 silencing and high-grade meningiomas showed a 60% overlap, demonstrating potential for identification of prognostic biomarkers and therapeutic targets. Integration of the phosphoproteome and kinome datasets confirmed the function of AKAP12 in high-grade meningioma signaling. Particularly, the PKA pathway plays a role in high-grade meningiomas. AKAP12 is expressed in low levels in these higher-grade tumors and when it is silenced in meningioma cells, a decrease in PKA signaling results. Interestingly, NF2 has been reported as a direct target of PKA 23 evidencing the importance of PKA signaling in meningioma aggressiveness. AKAP12 anchors inactive PKA assembling it with a determined set of transduction molecules as well as with members of different pathways 24 . We suggest that low AKAP12 disrupts PKA scaffolding, inactivating downstream signaling, resulting in uncontrolled migration and invasion in aggressive meningiomas (Fig. 7) .
The pathway analysis also revealed dysregulation of MAPK. Since AKAP12 downregulation may fail to scaffold PKA resulting in the inhibition of the PKA cascade, it activates ERK1/2 through direct PKC activation and leads to enhanced cellular migration 25, 26 in high-grade meningiomas (Fig. 7) . Our results demonstrate hyperphosphorylation of RB1 Ser780 and increased CCND1, CDK4, and CDK6 expression in high-grade meningiomas and after AKAP12 knockdown. CCND1 is required for RB1 phosphorylation at Ser780 in vivo. While STAT3 downregulates CCND1 27 , ERK signaling promotes its accumulation 28 . Upregulation of ERK1/2 T202/ Y204 and downregulation of STAT3 mediated by AKAP12 may be resulting in the overexpression of CCND1 in high-grade meningiomas. CCND1, CDK4, and CDK6 leads to RB1 phosphorylation and its inactivation releasing E2F1, and inducing cell cycle progression in late G1 phase, which activates cell proliferation 29 (Fig. 7) . Our results are in agreement with the demonstration of the inhibition of meningioma cell proliferation by reducing activation of MEK/ERK pathway with Lovastatin 30 . AKAP12 has been reported to prevent RB-mediated cell senescence and oncogenic progression by attenuating RB activation through PKCα/MEK/Id1/p16
Ink4a pathway and preventing downregulation of LASTS1/WARTS by PKCδ in mouse embryonic fibroblasts from akap12-null mice 31 , indicating divergent mechanisms in different models. The AKT1 E17K reported in meningiomas constitutively activates the PI3K-AKT pathway 32 . As a result, clinical studies with AKT1 inhibitors are under way 33 . Our data revealed downregulation of PI3K-AKT across the grades, which is in contrast to signatures found in cancers that are driven by this variant. We found this mutation in WHO I and II meninigiomas that have been cured by surgery alone, adhering to a very bland phenotype and history (unpublished observations). The AKT1 E17K was reported in WHO I meningioma, rare in WHO II and absent in anaplastics 34, 35 . AKAP12 silencing did not change levels of AKT phosphorylation, although it did lower phosphorylation levels of its downstream targets, indicating participation in the downstream inactivation of the AKT pathway (Fig. 7) . AKAP12 originally showed decreased levels of phosphorylation on Ser1587 across the meningioma grades in the iTRAQ LC MS/MS dataset. Characterization of Ser1587 has not been reported although the ATR/ATM are predicted to phosphorylate this specific serine. The kinome of both meningioma samples and cell lines identified decreased phosphorylation levels of CDC25A Ser178, TP53 Ser313/314/Thr312 as well as RB1 Ser807/811 which are targets of ATR/ATM in response to DNA damage. RB Ser807/S811 hypophosphorylation during G1/S phase leads to RB1 and c-Abl binding, inhibiting the c-Abl activity 36, 37 . Activation of c-Abl by ATM via DNA damage is associated with apoptosis induction, inhibiting Paxillin Tyr118 38, 39 , and interacts with RB inhibiting cell death 40 . TP53 hypophosphorylation on Ser313/314/Thr312 in anaplastic tumors and in meningioma cells after AKAP12 silencing suggests it is a downstream target of AKAP12. DNA damage leads to CHK1/2 Ser313/Ser314 phosphorylation to regulate protein function 41, 42 . These observations indicate that, in addition to the RB1, AKAP12 may regulate cell growth and survival through ATM/ATR signaling (Fig. 7) . The RHOA-ROCK-LIMK cascade is activated by inhibition of the cAMP-PKA cascade promoting migration and invasion 43 . RHOA-ROCK-LIMK kinase activation was seen after AKAP12 knockdown indicating that AKAP12 may regulate RHOA-ROCK-LIMK ScieNtific REPORTS | (2018) 8:2098 | DOI:10.1038/s41598-018-19308-y pathway in grade II meningiomas. Since AKAPs target the action of PKA by acting as scaffold, our results suggests that AKAP12 downregulation fails to bind to PKA and consequently block phosphorylation of RHOA Ser188 preventing PKA-induced inhibition of RHOA-ROCK-LIMK cascade (Fig. 7) . Another particular characteristic of atypical meningiomas found in the present work, was phosphorylation of FRAP_2443_2455, DESP_2842_2854, CDC2_154_169, and CA2D1_494_506 peptides, suggesting activation of the MTOR signaling as well as dysregulation in cascades controlling calcium, and cell cycle. The upregulation of p38 MAPK pathway seen accentuated in atypical samples can negatively regulate JNK 44 explaining its lower levels observed in high-grade tumors. Activation of p38 MAPK, but not NF-κB or JNK, promotes cell migration by inducing MMP expression 45 as seen in our in vitro investigations. The complexity of kinase activity seen in aggressive meningiomas will require further unbiased screening with specific kinase inhibitors.
AKAP12 knockdown induced decrease in downstream kinase activity in benign cells. When comparing the combined data (iTRAQ LC MS/MS and STK chip array) obtained from grade II and III meningiomas to the kinomic profiling of the sh33-AKAP12, the benign cell line acquired a similar signature to grade III meningiomas, suggesting AKAP12 a role in meningioma progression from grade I to higher grades. Although our results indicate AKAP12 downregulation leads to tumor aggressiveness, purposely increasing AKAP12 expression as a therapy should be considered with caution. Previous data demonstrate increased levels of AKAP12 in cisplatin 46 and paclitaxel resistant cancer cells 47 . Cisplatin, paclitaxel, and radiation induce DNA breaks, suggesting a cancer protective role for AKAP12. We have observed higher AKAP12 levels in irradiated meningioma cell lines (unpublished observations). Further investigations are required to understand the divergent function of AKAP12 in oncogenesis. Finally, low levels of AKAP12 in an independent cohort was indicative of high-grade, invasive, and recurrent/progressed meningiomas, demonstrating the AKAP12 as a prognosis biomarker. (57) and water (6.5 µL) were assembled and incubated at 98 °C 30 s; followed by 25 cycles of 98 °C 10 s; 60 °C30s; 72 °C 30s, with final extension at 72 °C 5 minutes. A SLXA_PE_MIPBC2_REV primer, containing a unique 9-base index was used for each template allowing for up to 384 templates to be sequenced as a pool. Reactions were purified and pooled. Reads were mapped to GRCh37 using BWA-MEM 49 . Indel realignment and base quality recalibration was performed 50 . Variants were called using GATK's HaplotypeCaller in gvcf format and GATK's GenotypeGVCF. iTRAQ and phosphopeptide enrichment. Equal amounts of protein from individual fresh-frozen tissue of same meningioma grade were pooled creating three groups: WHO I, II, and III. iTRAQ labeling and phosphopeptide enrichment were performed as described previously 51 with modifications. Pooled lysates were precipitated with acetone, trypsin digested, labeled with tags (Life Technologies, Grand Island, NY; WHO IiTRAQ114, WHO II -iTRAQ116, and WHO III -iTRAQ117), combined, and desalted. Phosphopeptides were allowed to bind to TiO 2 spin tips using Phosphopeptide Enrichment and Clean-up Kit (Thermo Scientific Pierce, Pittsburgh, PA), eluted, and cleaned using graphite columns (Thermo Scientific Pierce, Pittsburgh, PA). Samples were dried and resuspended in TFA. LC MS/MS analysis was performed as described previously 51 . The spotted sample plates were analyzed using 4800 Plus MALDI TOF/TOF TM (AB SCIEX, Framingham, MA) with mass range of 800-3500 m/z and S/N > 50. MS/MS spectral data were analyzed using ProteinPilot 4.0 (AB SCIEX, Framingham, MA) referencing International Protein Index (IPI) and UniProtKB/Swiss-Prot database using Proteome Discoverer 1.3 (Thermo Scientific, Pittsburgh, PA) with the following parameters: MMTS for cysteine alkylation, up to two trypsin missed cleavages; biological modification, amino acid and substitutions were set for ID focus; phosphorylation emphasis, FDR < 5%, and protein confidence > 95%. Data was normalized and iTRAQ quantification was expressed as ratio with the WHO I levels (iTRAQ 114) as the denominator. In order to identify relevant candidates in iTRAQ studies, statistical analysis was performed with ProteinPilot on protein ratios based on the weighted average of log ratios and the standard error. In addition, a protein was considered differentially expressed when iTRAQ ratio (WHO II:WHO I, WHO III:WHO I) was ≥ 1.20 or ≤ 0.83 (fold change > 20%). The fold-change cutoff for up-or down-regulation was determined based on pilot studies evaluating the label-specific experimental variation between two replicates for the same experimental group. Similar approaches have been employed by us [51] [52] [53] and others 54, 55 to identify biologically relevant candidates in iTRAQ studies. Proteins were selected for validation based on fold changes, and significance on protein the levels. The spectra of the selected candidates was manually checked to ensure proper site localization. 
